The modern chemical industry uses heterogeneous catalysts in almost every production process 1 . They commonly consist of nanometre-size active components (typically metals or metal oxides) dispersed on a high-surface-area solid support, with performance depending on the catalysts' nanometre-size features and on interactions involving the active components, the support and the reactant and product molecules. To gain insight into the mechanisms of heterogeneous catalysts, which could guide the design of improved or novel catalysts, it is thus necessary to have a detailed characterization of the physicochemical composition of heterogeneous catalysts in their working state at the nanometre scale 1, 2 . Scanning probe microscopy methods have been used to study inorganic catalyst phases at subnanometre resolution [3] [4] [5] [6] , but detailed chemical information of the materials in their working state is often difficult to obtain [5] [6] [7] . By contrast, optical microspectroscopic approaches offer much flexibility for in situ chemical characterization; however, this comes at the expense of limited spatial resolution [8] [9] [10] [11] . A recent development promising high spatial resolution and chemical characterization capabilities is scanning transmission X-ray microscopy 4, 12, 13 , which has been used in a proof-of-principle study to characterize a solid catalyst 14 . Here we show that when adapting a nanoreactor specially designed for highresolution electron microscopy 7 , scanning transmission X-ray microscopy can be used at atmospheric pressure and up to 350 6C to monitor in situ phase changes in a complex iron-based FisherTropsch catalyst and the nature and location of carbon species produced. We expect that our system, which is capable of operating up to 500 6C, will open new opportunities for nanometre-resolution imaging of a range of important chemical processes taking place on solids in gaseous or liquid environments.
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In situ solid-state microscopic catalyst characterization studies that use scanning transmission electron microscopy/electron energy-loss spectroscopy 3, 4 , scanning tunnelling microscopy 5, 6 or optical microspectroscopic techniques [8] [9] [10] [11] focus either on identifying the inorganic catalyst phase responsible for the catalytic activity, or on characterizing organic reactants, intermediates and products interacting with the catalyst surface. Scanning transmission X-ray microscopy (STXM) is a particularly promising recent addition to the field of chemical microspectroscopy 4, 12, 13 in that the use of soft X-rays (200-2,000 eV) as a probe makes it possible to image both the active phase of the catalyst (through absorption edges of the inorganic species) and the organic reactant phase of the catalyst (through the absorption edges of carbon, oxygen and nitrogen) with a spatial resolution of ,15 nm. In addition, the X-ray probe induces less radiation damage in comparison with the related scanning transmission electron microscopy/ electron energy-loss spectroscopy technique 4 .
The main experimental challenge to overcome when applying the technique in situ is the strong attenuation of soft X-rays by matter. As a result, stringent restrictions apply to the thickness of the sample and the X-ray path length through the medium. For example, the transmission of 700-eV X-rays through 1-bar CO decreases from 60% after 50 mm to ,0.1% after 250 mm. This difficulty meant that the first study 14 of a catalytic solid using STXM under in situ conditions was restricted to sample treatments in diluted gases at temperatures below 260 uC, which precluded the study of many catalytic systems. For the present work, we adapt a nanoreactor originally designed for in situ transmission electron microscopy studies 7 for use in STXM and are thus able to expose our sample to a reactant gas atmosphere (typically 1.2 bar) at temperatures up to 500 uC. In addition, as gas-phase attenuation for STXM is lower than in transmission electron microscopy experiments 4 , the nanoreactor allows the use of CO in the in situ STXM experiments.
The nanoreactor, manufactured as a microelectromechanical system, consists of a reactor chamber connected by micrometre-size gasflow channels (see Fig. 1 for details of the set-up). Two amorphous 1.2-mm-thick SiN x windows separate the reactor from the outer environment. The windows are etched down to a thickness of 10 nm in certain areas to maximize the transmission of the soft X-rays. The height of the reactor is about 50 mm and ensures minimum attenuation of the X-rays by gas-phase molecules. Heating is provided by a platinum resistive heater spiral embedded in one of the windows 7 . The reactor is supported on an adaptor which is mounted on an interferometrically controlled, piezoelectric stage that can translate the sample in the X-ray beam with nanometre precision. The adaptor is designed to hold up to two separate nanoreactors and connects the reactors to the external gas supply and electronics.
We use the system for an in situ STXM study of a fully promoted iron-based Fischer-Tropsch catalyst. In Fischer-Tropsch synthesis (FTS), synthesis gas (a mixture of CO and H 2 ) is converted into hydrocarbon chains through a surface polymerization reaction [15] [16] [17] . This reaction enables the production of high-purity chemicals and transportation fuels from sources other than conventional crude oil, most notably natural gas, coal and biomass. The iron-based catalyst consists of an iron oxide phase dispersed on silicon oxide (SiO 2 ), with copper oxide and potassium oxide promoters added to improve its selectivity, activity and stability. During FTS, iron oxide and metallic iron (a-Fe) usually coexist, with the iron phases largely converted into iron carbides (essentially a-Fe species with carbon dissolved in their interstitial vacancies). Owing to the complexity of the ironoxygen-carbon system, the identity of the active phase(s) has long been controversial. In fact, a-Fe, bulk and surface iron carbides and Fe 3 O 4 have all been suggested as active phases for FTS 17 .
In our experiment, we image the reduction of supported iron oxide particles upon heating to 350 uC in H 2 (1 bar) and, subsequently, the working catalyst during the FTS reaction at 250 uC in synthesis gas (1 bar).
We use the carbon K edge (284.2 eV), the oxygen K edge (543.1 eV) and the iron L 2 and L 3 edges (706.8 eV and 719.9 eV, respectively) to image and characterize the sample. The iron L 2 and L 3 edges are used to monitor the valence and coordination 18, 19 of iron species, and the oxygen K edge is used to distinguish between different oxygen-containing species. The pre-edge in the oxygen K-edge spectrum is due to the mixing of the oxygen 2p states with transition metal 3d states and can be used as a measure for the unoccupied iron 3d states 20 . In addition, the oxygen K edge of SiO 2 is sufficiently distinct from the iron oxide spectra to specifically map the location of the silicon and iron oxide species. The carbon K edge is measured to image the type and location of carbon species present in the catalyst during reaction.
Before the in situ experiments, we analyse the material at room temperature (25 uC) in a helium atmosphere by recording images at the iron L 2 and L 3 edges (Fig. 2d ) and the oxygen K edge (Fig. 2e) . The iron phase is mainly present as a-Fe 2 O 3 , as is made evident by X-ray absorption spectra of the iron L 2 and L 3 edges and the oxygen K edge [18] [19] [20] . Quantitative analysis by linear-combination fitting of the oxygen K-edge spectrum shows that the a-Fe 2 O 3 phase contributes 25% of the spectrum, whereas SiO 2 contributes 75%. Distinct regions are found in which there is no absorption at the iron L 2 and L 3 edges and strong absorption at the oxygen K edge. The oxygen K edge of these regions is characteristic of the SiO 2 phase 21, 22 . No significant contribution of carbon species is observed in the starting material. By fitting the experimental spectrum to a linear combination of the spectra of the pure phases, we construct composite contour maps, as shown in Fig. 2a for SiO 2 and Fe 2 O 3 .
After a 2-h exposure to H 2 at 350 uC, the material shows significant changes. Figure 2b is a composite contour map of the region in Fig. 2a . Analysis of the iron L 2 and L 3 edges (Fig. 2f) and the oxygen K edge (Fig. 2g) of the two regions indicated in Fig. 2b Fig. 2b, c) . The pre-edge intensity of the oxygen K edge (Fig. 2g ) of both regions decreased significantly, which is due to (1) the decreased overlap between iron and oxygen states with lower valences and (2) the reduction to Fe 0 , implying less oxidic iron. The total contribution of iron oxide phases to the oxygen K-edge spectrum decreases from 20% to 10%. As can be seen in Fig. 2a, b , the size and shape of the particle change significantly, indicating morphological changes in the sample as a result of the transition from Fe 2 Figure 2c shows the chemical composite contour map of the selected region after 4 h of FTS. The iron L 3 edge of the selected regions (Fig. 2h) shows an increase in the intensity of the feature at 707.7 eV. The pre-edge in the oxygen spectrum (Fig. 2i) 4 . Analysis of the carbon K edge shows that carbon is preferentially present in iron-rich regions (Fig. 3) . Furthermore, regions of higher Fe 0 intensity have carbon K-edge spectra different than those of regions of lower Fe 0 intensity. The high contribution of the absorption band at 285 eV in the carbon K-edge spectrum (Fig. 3a) , corresponding to the 1s R p* transition, indicates the presence of sp 2 hybridized carbon species in the iron-rich region 27 . This observation, in combination with the almost featureless absorption band due to the 1s R s* transition at ,295 eV, suggests that the iron phase is converted to iron carbide 28 . In the regions where less iron is 
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These observations demonstrate that STXM can image a catalytic system as complex as an iron-based Fischer-Tropsch catalyst under catalytically relevant reaction conditions, and deliver detailed information on the morphology and composition of the catalyst material. We anticipate that improvements in the optics and imaging methods used with the X-ray microscope will result in a higher achievable spatial resolution 29 , and that further development of the detection techniques will improve the count rates to the degree that it might be possible to carry out time-resolved experiments. Moreover, improved designs of dedicated reactor cells may enable studies at higher pressures and temperatures and/or X-ray tomography applications 4, 30 . In short, in situ STXM is a promising technique that we expect to develop and deliver new insights into many complex chemical problems.
METHODS SUMMARY
Materials. The promoted iron-based Fe 2 O 3 /CuO/K 2 O/SiO 2 Fischer-Tropsch catalyst was synthesized following a previously reported procedure 15 . The catalyst material was ground, suspended in ethanol, treated in an ultrasonic bath and a, Chemical contour map of the 400 nm 3 750 nm region of the catalyst material represented in Fig. 2 , showing the distribution of carbon species after 4 h in synthesis gas at 250 uC, overlaid on the iron species map. b, Carbon K-edge spectra corresponding to the indicated sample regions. The arrow indicates the additional peak at 288 eV.
loaded into the nanoreactor by flowing the suspension through the reactor. Remaining ethanol was removed from the reactor by drying at room temperature. Chemical imaging. All experiments were performed on the interferometrically controlled STXM microscope at beamline 11.0.2 (ref. 13 ) of the Advanced Light Source at the Lawrence Berkeley National Laboratory, USA. As a compromise between spatial resolution and the longer working distance required, a 35-nm zone plate lens was used with a spatial resolution of ,40 nm. The X-ray absorption spectra and the images were measured with a 35 nm 3 35 nm step size of the piezoelectric sample stage. Data analysis. STXM data files were analysed using the aXis2000 software package (http://unicorn.mcmaster.ca/aXis2000.html), which allowed detailed interactive processing of the images and least-squares linear-combination fitting of the X-ray absorption spectra.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Catalyst material preparation. 99 .5%, Merck) in 100 ml distilled water. The solution was heated to near its boiling point, after which it was slowly (over ,1 min) added to a vigorously stirred, near-boiling solution of 25 g Na 2 CO 3 in 100 ml distilled water. As sodium has been reported to negatively influence the catalytic performance of the catalysts, the resulting precipitate was filtered and reslurried in about 1 l of near-boiling distilled water to remove any residual sodium. This process was repeated about four times, until the pH of the solution was about 7.
The washed precipitate was reslurried in 200 ml distilled water. About 8 g of potassium water-glass solution (K 2 O:SiO 2 (1:2.15), Akzo-PQ) was added to the slurry under vigorous stirring and 1.5 ml of concentrated HNO 3 was added to precipitate the SiO 2 and lower the total potassium content. After this, the precipitate was dried for ,6 h at 60 uC and subsequently for 24 h at 120 uC. Finally, the material was calcined in a flow of air at 300 uC for 5 h using a heating ramp of 5 uC.
The final catalyst compositions were confirmed by X-ray fluorescence analysis using a Goffin Meyvis Spectro X-lab 2000. The relative molar composition of the catalyst was Fe:Cu:K:Si 100:7.5:5.9:15.6.
Nanoreactor and adaptor design. The design and assembly of the nanoreactor itself is described in more detail elsewhere 7 . The nanoreactor adaptor was fabricated from a solid slab of brass. Holes accommodating the 1/16-inch gas tubing were drilled into the brass slab and connected to the nanoreactors from their rear side. Each nanoreactor sits on top of a gas channel inlet and outlet, which were sealed using Viton O rings. The nanoreactors are held in place by a cover plate. Electronic connections, four for each reactor, were connected to the nanoreactor by means of the wire bonding method, using aluminium wires. STXM data analysis. Chemical contour maps and the relative iron phase compositions were acquired by using the aXis2000 software package (http://unicorn.mcmaster.ca/aXis2000.html). The software uses linear regression to fit the absorbance (A) spectrum of each (35 3 35 nm 2 ) pixel to a linear combination of reference spectra. Absorbance is defined as A 5 2log 10 (I/I 0 ), where I and I 0 respectively denote the transmitted and incident intensities. The fit procedure minimizes (A measured x,y,E {A calculated x,y,E ) 2 over an energy range, where A measured x,y,E is the absorbance measured at point (x, y) and energy E and A calculated x,y,E is defined as A calculated x,y,E~c onst E za 1,E A 1,E za 2,E A 2,E z Á Á Á za i,E A i,E Here const E is a constant, A i,E is the absorbance of compound i at energy E and a i,E is the expansion coefficient of compound i at that energy. The coefficients are varied to fit the measured spectrum.
